Late-type giant stars in the evolutionary stage of the asymptotic giant branch increasingly lose mass via comparatively slow but dense stellar winds. Not only do these evolved red giants contribute in this way to the enrichment of the surrounding interstellar medium, but the outflows also have a substantial influence on the spectro-photometric appearance of such objects. In the case of carbon-rich atmospheric chemistries, the developing cool circumstellar envelopes contain dust grains mainly composed of amorphous carbon. With increasing mass-loss rates, this leads to more and more pronounced circumstellar reddening. With the help of model calculations we aim at reproducing the observational photometric findings for a large sample of well-characterised galactic C-type Mira variables losing mass at different rates. We used dynamic model atmospheres, describing the outer layers of C-rich Miras, which are severly affected by dynamic effects. Based on the resulting structures and under the assumptions of chemical equilibrium as well as LTE, we computed synthetic spectra and synthetic broad-band photometry (Johnson-Cousins-Glass BVRIJHKL ′ M). A set of five representative models with different stellar parameters describes a sequence from less to more evolved objects with steadily increasing mass-loss rates. This allowed us to study the significant influence of circumstellar dust on the spectral energy distributions and the (amplitudes of) lightcurves in different filters. We tested the photometric properties (mean NIR magnitudes, colours, and amplitudes) and other characteristics of the models (mass-loss rates, periods, and bolometric corrections) by comparing these with the corresponding observational data adopted from the literature. Using different kinds of diagrams we illustrate where the models are located in a supposed evolutionary sequence defined by observed C-type Mira samples. Based on comparisons of galactic targets with empirical relations derived for C stars in the Large Magellanic Cloud we discuss the relevance of metallicity and excess carbon (C-O) for the development of dust-driven winds. Having investigated the dynamic model atmospheres from different (mainly photometric) perspectives, we conclude that our modelling approach (meaning the combination of numerical method and a suitable choice of model parameters) is able to describe C-rich long-period variables over a wide range of mass-loss rates, i.e., from moderately pulsating objects without any dusty wind to highly dust-enshrouded Carbon Miras. Thus, we can trace the observed sequence of C-type Miras, which is mainly determined by the mass loss.
Introduction
This work is the third in a series of publications dealing with synthetic spectra and photometry of carbon-rich late-type giants. In the first part, Aringer et al. (2009; below Paper I) presented a grid of hydrostatic, dust-free model atmospheres and the corresponding photometric results. It was found that the synthetic photometry fits observational data reasonably well for objects with effective temperatures above ≈ 2800 K.
In the second part, Nowotny et al. (2011a;  from now on Paper II) extended this study to more evolved C-rich stars for which dynamic effects become important. With outer atmospheric layers strongly influenced by (i) shock waves caused by pulsations of the stellar interiors and (ii) the development of dusty stellar winds, a different modelling approach was needed when trying to reproduce the observational properties of such objects. In Paper II we presented one selected dynamic model atmosphere that is representative of a typical C-type Mira variable losing mass at an intermediate rate and that accounts for these two dynamic effects. Simulating the pulsation with a variable inner boundary condition results in large-amplitude photometric variations similar to observed lightcurves. The circumstellar dust composed of amorphous carbon (amC) grains leads to even higher amplitudes, as well as to redder and more realistic colours compared with the hydrostatic case. Both findings are characteristic of long-period variables (LPVs), which are evolved red giant stars in the evolutionary phase of the asymptotic giant branch (AGB). We investigated in detail the resulting synthetic lightcurves and variations in different colour indices as a function of phase φ bol . The comparison proved that these modelling results resemble the observed light variations of the C-rich Mira RU Vir reasonably well.
The choice of model in Paper II, i.e. one with an intermediate mass-loss rate, was motivated by two reasons: (i) to study the effects of pulsation and dust in a typical Mira, and (ii) to show that our modelling approach gives realistic results for stars where the emergent flux is a mixture of photospheric and circumstellar contributions. Extreme cases, i.e. dust-free, only mildly pulsating stars on the one hand, or objects with optically thick dusty envelopes on the other, can be reproduced rather well with hydrostatic atmosphere models (Paper I) or earlier generations of dust-driven wind models (e.g. Höfner & Dorfi 1997 , Winters et al. 2000 . However, to achieve a realistic representation of both the stellar atmosphere and the dusty outflow, it is necessary to apply models that combine time-dependent dynamics, detailed non-equilibrium dust formation, and frequency-dependent radiative transfer (Höfner et al. 2003 , Nowotny et al. 2010 .
In the present paper we study the influence of stellar parameters on dust-driven outflows and the resulting photometric properties, illustrated by a sequence of models representing different phases of AGB evolution. We demonstrate that our modelling approach allows us to cover a wide range of observed properties by adjusting a few well-defined input parameters. In this way we can compute realistic synthetic photometry for models ranging from dust-free pulsating atmospheres through objects with intermediate mass-loss rates to stars with optically thick dusty outflows.
For clarity, it should be mentioned here that the emergent wind properties (dust characteristics, mass-loss rates, velocities, optical depths, etc.) are results -not additional input parameters -of our models that link stellar atmospheres and circumstellar envelopes in a self-consistent way. In contrast to other often-used approaches (e.g. DUSTY code) where the outcome of a dust radiative transfer calculation is controlled by the choice of input parameters (i.e. properties of the circumstellar dust shells) quite directly, the relation between basic stellar properties and synthetic observables is non-trivial in our ab initio modelling. The non-linearities inherent to the self-consistent dynamical modelling make a direct fitting of specific objects by fine-tuning of input parameters complicated. Notably, it is not possible to create arbitrary combinations of atmospheres and circumstellar envelopes, and certain sets of stellar parameters will not lead to outflows at all. On the positive side, however, our models have a significantly higher predictive power since observable properties that are linked in real objects cannot be adjusted independently in the models.
In this paper we restrict the discussion of trends of photometric properties with fundamental stellar and pulsation parameters to a small group of models, in order to present them in some detail. A paper covering photometric results based on a significant fraction of the grid of dynamic model atmospheres presented by Mattsson et al. (2010) is currently in preparation. The aim is to make the models available for interpreting of individual stars, as well as for use in stellar evolution and stellar population modelling, by providing a consistent set of wind properties, together with synthetic spectra and photometry for a wide range of parameters.
The model characteristics and the computational details are outlined in Sect. 2, while in Sect. 3 (as well as App. A) the comparative data compiled from the literature is presented. In Sect. 4 we describe how the spectral energy distributions (SEDs) and the photometric variations are influenced by the model parameters, especially by the differing properties of the circumstellar dust envelopes. In Sect. 5 a comparison of various quantities with the corresponding measurements for a sample of galactic Carbon Miras as found in the literature is carried out. Thereafter, we study in Sect. 6 how the models fit into an evolved stellar population (also containing among various red giant stars the targets of our atmospheric modelling, namely C-rich LPVs with mass loss), and discuss the importance of free carbon (C-O) for the dust formation.
Model atmospheres and radiative transfer

Combined atmosphere and wind models
For the study presented here we used the dynamic model atmospheres of Höfner et al. (2003) , which cover the two major dynamic aspects relevant to the outer layers of evolved red giants, namely the effects of pulsation and mass loss via a dust-driven wind. To this end, the equations for hydrodynamics, frequencydependent radiative transfer and dust formation are solved simultaneously. This modelling approach provides a realistic and self-consistent description of the dynamic stellar atmosphere as well as the regions of the outflow, which is triggered by radiation pressure on newly formed amC grains. Such atmospheric models are well suited to simulate mass-losing LPVs with carbon-rich atmospheric chemistry (C/O > 1).
For more information about the numerical and physical details we refer to a number of previous publications dealing with this (e.g. Höfner et al. 2003; Gautschy-Loidl et al. 2004; Nowotny et al. 2005a Nowotny et al. , 2005b Nowotny et al. , 2010 Nowotny et al. , 2011a Mattsson et al. 2010) . Graphical representations of typical models can be found in Nowotny et al. (2010 Nowotny et al. ( , 2011a . These include plots of the temporally varying radial atmospheric structures (ρ, T , p, u, f c ) at different phases φ bol during the pulsation cycle and illustrations of the movements of atmospheric layers at different depths.
In Paper II we selected one specific dynamic model atmosphere (named model S) and studied in detail the influence of circumstellar dust on the photometric appearance as well as the photometric variations throughout a pulsation cycle. This model, also included here (cf . Table 1) , resembles a typical carbon-rich Mira with an intermediate mass-loss rateṀ of approximately a few 10 −6 M ⊙ yr −1 . In addition, we investigate a larger sample of models. The parameters of the respective hydrostatic initial models are listed together with the resultant wind properties in Table 1 .
Although existing objects served as rough reference points for the chosen parameter combinations, the five models should not be regarded as a dedicated fit (for a discussion see Nowotny et al. 2005b ) for any of the targets used for the comparison in Sect. 5. Instead, the aim was to retrace with the help of characteristic models the sequence of galactic C-type Miras recognisable in observational studies (see below). Therefore, the model parameters were varied to proceed from less to more evolved objects. This means that while the effective temperatures T ⋆ and the surface gravities g ⋆ decrease for the model series T → R → S → C1 → C2, increasing values were chosen for the luminosities L ⋆ , the radii R ⋆ , the C/O ratios, and the pulsation periods P. Since one of the significant effects along the observed sequence is the increasingly relevant circumstellar reddening, 1 we also applied models characterised by increasing mass-loss ratesṀ. The latter are dependent on the piston velocity amplitude ∆u p (see Nowotny et al. 2010) . With appropriately chosen values for these input parameters we can influence the arising outflow to some degree. However, occurrence and intensity of Table 1 . Characteristics of the dynamic model atmospheres for pulsating and mass-losing C-rich AGB stars used for the photometric modelling. Notes. Listed are (i) parameters of the hydrostatic initial models, (ii) quantities derivable from these parameters, (iii) attributes of the inner boundary conditions (piston) used to simulate the pulsating stellar interiors as well as the resulting bolometric amplitudes ∆m bol , (iv) properties of the resulting wind, and (v) dust optical depths of the formed circumstellar envelope. The notation follows previous papers (Höfner et al. 2003; Nowotny et al. 2010 Nowotny et al. , 2011a : R ⋆ -stellar radius of the hydrostatic initial model calculated from the luminosity L ⋆ and temperature T ⋆ via the relation L ⋆ = 4πR 2 ⋆ σT 4 ⋆ ; P, ∆u p -period and velocity amplitude of the piston at the inner boundary; f L -free parameter to adjust the luminosity amplitude at the inner boundary; Ṁ , u -mean mass-loss rate and outflow velocity at the outer boundary; f c -mean degree of condensation of the element carbon into amC dust grains at the outer boundary; ρ d /ρ g -mean dust-to-gas ratio at the outer boundary (cf. Eq. the wind are an outcome of the modelling. In our case, we arrived at models as different as model T (dust-free, pulsating atmosphere without any outflow) and model C2 (substantialṀ exceeding 10 −5 M ⊙ yr −1 and leading to an optically thick circumstellar dusty envelope). They presumably mark extreme values of the mass-loss sequence found observationally, while the previously studied model S is located roughly in the middle.
Model R was adopted from Höfner et al. (2003) , while models T and S were taken from Gautschy-Loidl et al. (2004) . The latter model was also used in various other studies (Nowotny et al. 2005a (Nowotny et al. , 2005b (Nowotny et al. , 2010 (Nowotny et al. , 2011a Paladini et al. 2009 ). Computed specifically for this study were the last two models, C1 and C2.
Synthetic spectra and photometry
Snapshots of the atmospheric structures at various phases during several periods (see, for example, Fig. A .2 in Paper II) were then used for the detailed a posteriori radiative transfer calculations. To this end we closely followed the numerical approach described in Paper II, for the details and an extensive list of references we refer to this previous paper.
On the basis of the radial structures we applied our opacity generation code COMA (Aringer 2000, Paper II) to compute atomic and molecular abundances for every depth point of the atmospheric models with equilibrium gas chemistry routines. The principle element abundance pattern of solar composition was modified concerning carbon in two ways. First, the general C abundance was changed according to the C/O ratios as specified for the different models (cf. Table 1 ). Second, the depletion of C in the course of amC dust grain formation was also taken into account. Thereafter, opacities for all atmospheric layers and every wavelength point were calculated assuming conditions of LTE. All the sources needed for an appropriate spectral synthesis were included: (i) continuous absorption, (ii) atomic and molecular line contributions, and (iii) opacities due to particles of amC dust under the assumption of the small particle limit. Again we followed the opacity sampling approach of Paper II to account for all molecular species necessary for a proper representation of the synthetic spectra (CO, CN, C 2 , CH, HCN, C 2 H 2 , C 3 ).
Based on the resulting arrays of combined opacities -with a spectral resolution of R = λ/∆λ = 18 000 -spherical radiative transfer was solved. The resulting synthetic spectra in the wavelength range of 0.2 -25 µm can directly be used to compute filter magnitudes. For the presentation of the spectra in Fig. 1 the spectral resolution was decreased to R = 360.
Following Paper II, we chose for the synthetic photometry the Johnson-Cousins UBVRI system described by Bessell (1990) as well as JHKLL ′ M from the homogenised JohnsonGlass system described in Bessell & Brett (1988) . The filter transmission curves given by these authors were then convolved with the synthetic spectra. Applying adequate photometric zeropoints for every filter (adopted from Bessell et al. 1998) led to calibrated synthetic absolute magnitudes.
Again the Johnson-Cousins-Glass or Bessell photometric system was defined as the standard system for the whole work presented here, and the observational results (Sect. 3, App. A) were transformed where required, allowing for a direct comparison with the modelling results.
Observational comparative data
As the main observational reference we used the compilation of time-series, near-infrared (NIR) photometry published by Whitelock et al. (2006; below W06) . They presented comprehensive data sets for a large sample of galactic carbon-rich AGB stars. Out of the 239 LPVs listed we only adopted the subsample with pronounced variablity, i.e. the well-characterised Miras in their Table 6 . According to Whitelock et al. these objects are characterised by clearly periodic lightcurves and peak-to-peak K amplitudes 2 larger than 0.4 mag , in their nomenclature this corresponds to the variability class 1n. This group of Mira variables is more appropriate for an interpretation by our modelling approach, while the remaining objects (non-Miras, variability class 2n) were not included here. In Paper II we made a detailed comparison of the lightcurves of the C-rich Mira RU Vir with the corresponding photometric variations of model S (Table 1 ). This is also followed up here to some extent. However, beyond that we made use of the complete sample of observed field C-type Miras. This allows for an extended and more general comparison with models of different parameters. To this end, we adopted the mean values for colour indices from Whitelock et al. rather than the individual measurements of the time-series, NIR photometry also given. The authors provide photometric results already corrected for interstellar reddening as well as useful (estimates for) other quanitities which can be compared to our models. The latter include periods, mass-loss ratesṀ, photometric amplitudes ∆K, bolometric magnitudes m bol , or distances (which are essential to shift the apparent magnitudes to an absolute scale; e.g. Fig. 11 ). The photometric results of Whitelock et al. (2006) were not transformed to our standard system (Sect. 2.2) as the differences between the SAAO photometric system and the Bessell filters are small according to Bessell & Brett (1988;  see their  Table I ).
We also adopted various other data from the literature for the comparisons below, a detailed description of those including references and the necessary post-processing can be found in App. A.
Modelling results -the influence of increasing mass loss
Spectral energy distributions
In Paper II we demonstrated with the help of model S the difference between hydrostatic objects and dynamic objects (characterised by pulsating stellar interiors and winds) concerning the radial atmospheric structures, the resulting spectra and the photometric appearance. We also outlined the role of different opacity sources for the spectral energy distributions, in particular we showed the effect of the carbon dust particles in the wind.
Here we continue the theoretical investigations with the extended set of dynamic model atmospheres of Table 1 . These models have different properties, with one of the most significant being the mass-loss rate. Its influence on the synthetic lowresolution spectra is sketched in Fig. 1 , for which we used three models to illustrate the progression from no mass loss to highly dust-enshrouded. For each model we plot the spectra for a maximum and a minimum phase to mark the variations during the pulsation cycle.
The top panel of Fig. 1 shows the results for model T, which experiences no dust formation and, thus, no stellar wind occurs. The dynamical calculation leads to spectra that are relatively close to the spectrum based on the hydrostatic initial model (which is the starting point for the dynamic calculation; cf. Paper II). While all spectra are dominated by the prominent molecular features that are characteristic of late-type giants, the pulsation -simulated by the varying inner boundary -results in small variations of the spectrum around the hydrostatic case during a light cycle. In addition to the overall changes in the flux level because of the varying luminosity input, we find changing feature intensities due to the periodically modulated atmospheric structure (cf. Fig. 3 in Nowotny et al. 2010) .
The corresponding results for model S are shown in the middle panel of Fig. 1 . The stellar wind containing amC grains, which emerges when the conditions for dust condensation are fulfilled, has considerable influence on the spectral appearance of the object. The first recognisable effect is the attenuation of the molecular features in the spectra based on the dynamical phases when compared to the hydrostatic spectrum. The second effect caused by the circumstellar dust is the redistribution of the emitted flux from the visual to the IR. This results in spectra which are clearly different from the hydrostatic one for every phase φ bol during the whole pulsation cycle.
The bottom panel of Fig. 1 displays the dramatic spectral change for even more evolved objects. Model C2 represents a star with pronounced mass loss leading to an optically thick dust envelope. The molecular contributions in the spectra appear substantially weakened, except for some features (e.g. the characteristic one at ≈ 3 µm due to C 2 H 2 and HCN), which are still recognisable, although they also have lower intensities. The whole SED is completely shifted to infrared wavelengths and differs significantly from the one for the corresponding initial model (pure photosphere, no wind). In addition, severe changes in flux during the light cycle can be seen. Figure 1 illustrates that our modelling approach allows describing carbon-rich LPVs covering a range of quite different mass-loss rates. Starting with objects showing spectra characterised only by photospheric features (atomic, molecular), we proceed to objects for which the spectral appearance is almost completely determined by the circumstellar envelope resulting from the outflow that contains amC dust particles. This effect is also demonstrated in Fig. 2 where we show the SEDs of the three selected models of Fig. 1 using calibrated filter magnitudes computed on the basis of the corresponding spectra. Only minor deviations (< 1 mag ) from the hydrostatic case can be found for the two dynamic phases of model T. However, the reddening due to the dust becomes severe for the other models. On the one hand, the objects appear fainter by several magnitudes in the visual due to the absorption caused by the circumstellar dust. The increase in this dimming towards shorter wavelengths reflects the properties of amC dust (cf. insert of Fig. 1 ) and can be larger than the periodic photometric variations (model C2). On the other hand, one can also recognise circumstellar dust emission for the filters L ′ M. The change from dimming to additional emission occurs at around 2 µm, which is one of the reasons why the K filter is Fig. 1 . Synthetic low-resolution spectra (R = 360) for three dynamic model atmospheres as denoted in the legend. Plotted are spectra based on the corresponding hydrostatic initial model as well as two representative phases of the dynamic calculation (φ bol ≈ 0.0 and 0.5). The insert in the middle panel shows the absorption data for amorphous carbon dust from Rouleau & Martin (1991) as applied in the modelling. The wavelength ranges of the used broad-band filters (≈ FWHM of the responses given in Bessell 1990 and Bessell & Brett 1988) are marked for orientation purposes in the lower panel.
often used in variability studies (M K -P-relation) of LPVs (e.g. Whitelock 2012).
Optical depths of the dust envelopes
To characterise the circumstellar envelopes we computed monochromatic dust optical depths τ dust at different representa- tive wavelengths by radially integrating inwards from the outer boundary of the model r max :
This corresponds to the central beam with impact parameter p = 0 in the framework of spherical radiative transfer (e.g. Fig. 4 of Yorke 1980) . The middle panel of Fig. 3 shows how the optical depth of the dusty envelope varies with time for model S. Superposed on the more or less constant degree of dust absorption due to the steady outflow we also find a temporary increase in τ dust around phases of light minimum where enhanced dust formation takes place in a relatively narrow region at ≈ 2 R ⋆ (cf. upper panel of the in Paper II), the optical depths peak at φ bol ≈ 0.6. Since the absorption efficiency of amorphous carbon dust has a wavelength dependence of approximately ∝ λ −1 (see insert of Fig. 1 ), the effects are more pronounced in the visual than in the NIR. This is also reflected in the lightcurves shown in the lower panel of Fig. 3 . There we plot synthetic photometry resulting from the full spectral synthesis (filled circles), as well as the corresponding results of a calculation 3 where the dust opacities were not taken into account in the a posteriori radiative transfer (open circles). While the photometric variations of the latter mainly reflect the changing luminosity input introduced by the variable inner boundary of the model (with minor contributions due to varying molecular feature intensities), the former are in addition influenced by the dust effects. For the K-filter only small differences are recognisable at phases where a new dust shell is formed, whereas the V-lightcurve is severly altered by the varying amount of dust absorption. On top of the general dimming by ≈ 4 mag because of the dusty outflow (visible e.g. at φ bol = 0.0) an additional drop in V is clearly noticeable around φ bol ≈ 0.6. In this way, the (time-dependent) absorption by dust grains in the circumstellar envelope is responsible for the generally reddened colours of such objects and also for the variations in colour indices, such as (V -K).
Some cycle-to-cycle variations concerning the dust formation and, thus, the V-lightcurve can be recognised in Fig. 3 . This effect is relatively moderate for model S but can be much more pronounced for other parameter combinations (see App. C).
Although we have shown that the dust optical depth is a time-dependent quantity we only give one characteristic number in Table 1 . The values listed there correspond to phases of φ bol ≈ 0.25 to avoid the intervals of extreme dust formation discussed above. In this way, the τ dust should be regarded as lower limits and serve as representative quantites to compare the individual models. We note (i) the monotonic increase of optical depths for the model sequence R → S → C1 → C2 (i.e. increasing mass-loss rates), and (ii) the general decrease of τ dust when going from the visual to the IR (reflecting the absorption properties of amC dust which strictly decrease with wavelength; cf. Fig. 1 ).
Photometric amplitudes in different filters
In Paper II (see Sect. 4.1 there) we outlined that for our models dust is the decisive factor for the overall shapes of the SEDs and the changing dust absorption also has a strong impact on the resulting photometric amplitude during a lightcycle in the optical. In contrast, the influence of the changed atmospheric structure -being heavily affected by dynamic processes and, thus, quite different from the hydrostatic case -on molecular features in the resulting spectra is comparably low. For the set of models in Table 1 we calculated synthetic lightcurves and compared the derived amplitudes in Fig. 4 . 4 The dust-free model T shows virtually uniform variations (∆M ≈ 0.6 mag ) in all filters. All other models exhibit dusty winds and show the characteristic decrease in amplitudes from the visual towards the IR. This gradient steepens for the sequence R → S → C1 → C2. This is partly a consequence of the increase in ∆m bol (variations of the luminosity input at the inner boundary). However, even more important are the corresponding optical depths of the dusty envelopes. The rising amplitudes in (Table 1) plotted against the central wavelengths of the various filters. the more and more pronounced dust formation along the abovementioned model sequence. This leads to a general increase in τ dust (Table 1) , as well as to stronger variations in dust absorption during the light cycle (Sect. 4.2).
Testing the models against observations of C-type Miras
We calculated similar time series of synthetic spectra and photometry as in Paper II for the set of models in Table 1 . However, we restrict the discussion of the modelling results to mean magnitudes and mean colour indices (i.e., averaged over phase φ bol and over different cycles) for the comparison with observational data of the corresponding Carbon Miras. 5 Also in the current paper we used RU Vir as a reference object for model S and overplot the corresponding data in some of the figures below.
Photometric amplitudes in different filters
To compare these modelling results with observational findings we compiled the data shown in Fig. 5 . This plot includes a small selection of Carbon Miras from the W06 sample, spanning a representative range in mass-loss rate. While the NIR amplitudes were adopted directly from Whitelock et al. (2006) , we had to estimate the values in the optical range from data in the AAVSO 6 database. Such an estimate can be hampered by the irregularities in the lightcurves of observed LPVs. For the characteristic visual amplitudes plotted in Fig. 5 , we neglected occurring long-term variations (as apparent, e.g. for RU Vir in Fig. 2b of Mattei 1997 ) that can lead to even higher values (∆m vis ≈ 8 mag for RU Vir). In general, no visual data is available for the objects with largeṀ, the amplitude ∆R of CW Leo was taken from the GCVS catalogue (Samus et al. 2012 ). Nevertheless, an overall trend of photometric amplitudes decreasing with wavelength, along with a general increase for more evolved stars (more pronounced pulsation, higherṀ), can be recognised. 5 Note that a complete set of lightcurves for all standard broad-band filters of the Johnson-Cousins-Glass system -as the one for RU Vir presented in Fig. 7 
Colour indices
Photometric colours are among the most common properties to characterise stellar objects and their overall energy distribution. We start the comparison with the colour-colour diagram based on NIR filter magnitudes shown in Fig. 6 . The observed C-rich Miras plotted there cover a large interval in colour, with (J -K) 0 ranging from ≈ 1.5 mag to ≈ 6.5 mag . Whitelock et al. (2006) list a number of even redder stars with (H -K) 0 very close to ≈ 4 mag ; however, such objects lack data in the J-band and cannot be included in Fig. 6 . The second reddest object of the well-defined sequence in this plot is the well-known dust-enshrouded carbon . Fig. 7 . Mass-loss ratesṀ vs. mean dereddened colour indices for the sample of C-type Miras, adopted from Table 6 of Whitelock et al. (2006) . Also shown are the corresponding results for the dynamical models. For the sake of completeness we mark the location in (J -K) 0 of model T with an arrow although this model does not develop a wind (i.e.Ṁ = 0). In addition, the empirical relation found by Le Bertre (1997) for galactic mass-losing AGB stars of spectral type C is drawn (dotted line). Overplotted is also the more recent fit derived by Gullieuszik et al. (2012) for C-rich giants in the LMC (dashed line). star CW Leo (or IRC+10216). To be found at the blue end of the sequence (but not shown here; see Fig. 15 in Paper II) is a number of C-rich LPVs from the W06 sample with less pronounced variability (i.e., most likely SRVs). Figure 6 proves that we are able to trace the whole observational sequence of Miras by applying the different dynamical models. Similar to the hydrostatic COMARCS models, all the corresponding initial models would be located in a quite restricted area in the lower left corner at (H -K) 0 ≈ 0.5 mag and (J -H) 0 ≈ 1 mag (not shown here but demonstrated for model S in Fig. 16 of Paper II), although the stellar parameters of the models (Table 1) differ considerably. Thus, the dusty winds of different intensities are the main reason for the C-type Miras stretching across the wider colour range in Fig. 6 with redder colour indices clearly related to higher mass-loss rates.
Mass-loss rates
In general, circumstellar dust grains in the outflows of evolved red giants absorb the stellar light in the visual and re-emit it at IR wavelengths, as demonstrated e.g. in Fig. 1 . On the basis of this, (dust-) mass-loss rates of such objects can be derived by fitting the redistributed SEDs with the help of dust radiative transfer models (e.g. Groenewegen et al. 2009 , Riebel et al. 2012 . For a review of this topic, a list of modelling approaches, and also the related complications, we refer to van Loon (2007). For a high-quality fit with synthetic SEDs, a sampling of the observed SED with a reasonably large number of representative filters is desirable. This is often not possible, while it is easier to obtain two-colour photometry for the object. Therefore, several studies have tried to establish empirical relations between mass-loss ratesṀ and various colour indices. A comprehensive list of such Table 3 of Whitelock et al. (2006) plotted against the corresponding mean colour indices which are corrected for interstellar reddening and given in Table 6 of Whitelock et al. (2006) . The dotted line was fitted to guide the eye. Overplotted are the values resulting from the different atmospheric models. Note, that model S exactly reproduces the data of RU Vir which is, therefore, plotted with a different symbol than in other figures.
investigations is given by van Loon (2007), also discussing the limited accuracy of this method for estimating mass-loss rates.
Nevertheless, comparing models against observational results (e.g. Le Bertre 1997, Le Bertre & Winters 1998) in ȧ M-colour diagram represents an important test of whether the models are adequately describing mass-losing AGB stars. Thus, we carried out such a comparison, as was also done for the Berlin models 7 simulating dust-driven winds of LPVs with C-rich (Le Bertre & Winters 1998 , Winters et al. 2000 , as well as O-rich (Jeong et al. 2003 ) atmospheric chemistry. In Fig. 7 we plot the mass-loss rates as derived by Whitelock et al. (2006) for their sample of C-type Miras via the mass-loss formula given in Jura (1987) , showing the characteristic rise in NIR colours for increasingṀ. It is interesting that the overplotted empirical relation found for field carbon stars observed by Le Bertre (1997; dotted line) lies below the individual data over the whole range. On the other hand, the more recent relation for C-rich LMC stars adopted from Gullieuszik et al. (2012; dashed line) fits the galactic W06 sample better, although these are two independent studies. Anyway, the different dynamic model atmospheres, also shown in Fig. 7 , resemble in general the observational sequence of C-type Miras reasonably well.
Photometric variations
The effect of circumstellar reddening due to dusty envelopes described above (Fig. 7) can in principle also be reproduced quanti- 7 The main difference between their approach and the one used here is that we apply non-grey radiative transfer (including molecular opacities) when computing the dynamic model which has a decisive influence on the radial T-ρ-structure. This makes our models suitable to describe spectra and photometry of low-mass-loss objects, in contrast to the Berlin models.
tatively by dust radiative transfer codes, such as DUSTY (Ivezić & Elitzur 1997 , Ivezić et al. 1999 , the Groenewegen code (Groenewegen 1995 (Groenewegen , 2006 , 2-Dust (Ueta & Meixner 2003) , or MODUST (Bouwman et al. 2000) . Based on simplifying assumptions for the circumstellar envelopes (concerning the dust condensation and composition, the velocity law, the radial density structure, the photospheric contribution to the spectra, etc.), these codes compute synthetic SEDs for given sets of input parameters and prescribed radial structures. Although this may provide reasonable relations between colour indices and massloss rates, another important aspect can by definition not be reproduced by such an approach, namely the temporal photometric variations. In Fig. 8 , showing photometric NIR amplitudes against colour indices, all these models calculated with the help of dust radiative transfer codes would line up on the abscissa. In contrast, our models have the advantage of accounting for this effect caused by the pulsating stellar interior. First, they cover the dust envelope and the deep photosphere, providing consistent spectra including features due to molecules and dust (Fig. 1) . Second, the pulsation triggered in layers below the stellar photosphere is simulated by the variable inner boundary condition (for details cf. Nowotny et al. 2010 Nowotny et al. , 2011a . The latter enables us to calculate synthetic lightcurves and overplot our modelling results in Fig. 8 . This plot shows the known correlation (Olofsson et al. 1993 ) between photometric variations and circumstellar reddening (i.e., mass-loss rates). The dynamic model atmospheres are able to reproduce objects across the whole range covered by the observational data.
Bolometric corrections
In Fig. 9 we tested the atmospheric models in a different way, namely by looking at bolometric corrections (BC) found by observational studies. While there is a body of literature available, we restricted the comparison in the way that (i) only values specifically derived for carbon stars were adopted, and (ii) only data given for the standard JK filters were used.
The first data set plotted in Fig. 9 are the carbon stars from the sample of Mendoza & Johnson (1965; their Tables 1 and 2 ). An empirical fit to these values (not shown in Fig. 9 ) was derived by Costa & Frogel (1996) , given in the CIT/CTIO photometric system used by these authors, though. As outlined in Paper I (Sect. 4.1.4), the hydrostatic COMARCS models -a representative sample of which is also shown in the figure -are able to describe the bulk of the Mendoza objects which are not significantly affected by dynamic effects. The mean relation of bolometric corrections given by Bergeat et al. (2002; their (1)), which rests on blackbody-fits to photometric data, extends to even larger colour indices. As also noted by Kerschbaum et al. (see the discussion in their Sect. 3.3), there seems to be a general difference to the bolometric corrections derived by Whitelock et al. (2006) for galactic C-type Miras. Overplotted also in Fig. 9 , the values of the latter authors appear to be most suitable for very red C-rich AGB stars which are seriously influenced by dynamic effects (note that the C-rich LMC objects in 8 The observed targets of Mendoza & Johnson (1965) and Bergeat et al. (2002) which have even bluer (J -K) 0 colours than the COMARCS models of Paper I may be C-rich objects which are not classical AGB stars. The models presented in this work are constructed to simulate such objects and the corresponding mean values (i.e., averaged over phase φ bol and over different cycles) can be seen in the plot, too.
In observational studies the estimation of bolometric magnitudes m bol (and, consequently, BC) via integration over photometry in various filters is limited by the available data (which may be the reason behind the above-mentioned differences between different studies, clearly recognisable around (J -K) 0 ≈ 2 in Fig. 9 ). On the theoretical side, we have the advantage that the luminosity is an input parameter and bolometric corrections can easily be computed as soon as we have the synthetic photometry. Figure 9 demonstrates that the dynamical models are able to trace the sequence of C-rich objects with increasing massloss rates reasonably well. Some differences at the very red end (model C2) may exist; however, the number of observed objects around (J -K) 0 ≈ 6 is also limited. In combination with the hydrostatic models the parabolic trend of BC K vs. (J -K) 0 for the variety of carbon stars can be followed. Ita et al. (2004) . Also shown are the P-K relations as fitted by the same authors. Both kinds of data were shifted to an absolute scale by assuming a distance modulus (m-M) LMC of 18.5 mag . Overplotted are the C-type Miras adopted from Whitelock et al. (2006; cf. their Tables 3 and 6 ) as well as the sequence of dynamic model atmospheres presented in this work.
Period-luminosity relations
A different aspect is examined in Fig. 10 , namely the relation between the absolute K magnitudes of evolved red giants and the periods of their lightcurves. It has been known from observational studies of individual objects for quite some time that Mira variables follow a period-luminosity relation (PLR; e.g. Feast et al. 1989) . Starting with the seminal paper by Wood (2000) several authors made use of the data sets provided by extended microlensing surveys (e.g. MACHO, OGLE) with the fundamental outcome of LPVs constituting parallel sequences in diagrams as Fig. 10 . These investigations were later extended to different stellar systems (e.g. Lorenz et al. 2011 ) and other wavelength ranges (e.g. Glass et al. 2009 ).
For illustration we adopted in Fig. 10 the data for LMC variables provided by Ita et al. (2004) . The different sequences which they could identify empiricially are overplotted and labelled in the plot in the same way as given by these authors. The prominent Mira variables, pulsating in the fundamental mode, are located along sequence C in this plot. Similar K-log(P) relations derived by other authors (e.g. Feast et al. 1989 , Groenewegen & Whitelock 1996 , Whitelock et al. 2008 are -within the precision needed for the following comparison with our modelling results -quite comparable to the fit plotted with a full line.
It is known that carbon-rich Miras preferentially populate the brighter end of sequence C (e.g. Wood 2000 , Ita et al. 2004 ). This behaviour can be recognised for the C-type Miras of the W06 sample in Fig. 10 , at least for the more moderate ones (shorter periods, bluer colours, brighter in K, lower MLRs). Also the models with no or intermediate mass loss (T, R, S) fall right onto sequence C constituted by Mira variables with moderate outflows. This is not surprising because the stellar parameters (Table 1) where chosen to follow known PLRs, and the mean M K is related to L ⋆ for these objects.
However, there is another eye-catching effect in Fig. 10 , which becomes apparent for the more evolved objects. As described by Lattanzio & Wood (2004; their Fig. 2.50 ) and studied later in detail by Ita & Matsunaga (2011; their Fig. 2 ) on the basis of observational data, C-rich Miras with pronounced mass-loss rates show significant deviations from the practically linear relation for fundamental mode pulsators. This effect is wavelength dependent, for the K-band such objects appear clearly fainter (up to 3 mag ) due to the extinction caused by circumstellar dusty envelopes (Sect. 4.1). The severely reddened targets of the W06 sample in Fig. 10 are dimmed by more than 4 mag in K and show a distinctive turnoff from sequence C. Figure 10 illustrates that the applied model atmospheres are, in principle, able to reproduce this characteristic behaviour found by observations of C-type Miras. The models resembling more evolved LPVs with longer periods and increasing mass loss (C1, C2) deviate from the linear sequence C, although they do not become as faint in M K as the most extreme cases of the observed objects.
Discussion
The models in the context of a stellar population
To illustrate how the models generally fit into the global picture of a (galactic) stellar population we extracted photometric data from the 2MASS survey for Baade's window (Baade 1963) , which is known to be one of the low-extinction windows towards the centre of the Milky Way (e.g. Dutra et al. 2002) . The result of this data mining (cf. App. A for details) is shown in the colour-magnitude diagram (CMD) of Fig. 11 . Since the Galactic bulge is dominated by an old, red population, a prominent giant branch can be recognised. It is well populated up to the tip of the red giant branch, which is predicted by theory to be located at M bol ≈ -3.9 mag or L ≈ 2900 L ⊙ (e.g. Salaris et al. 2002 , Cassisi 2012 . For orientation purposes the (J -K) colours for three representative O-rich objects are indicated at the top of Fig. 11 , too, based on the calibrated colour-temperature relation of solar-metallicity models for late-type giants presented by Houdashelt et al. (2000) . The sample of Galactic bulge objects 9 does not contain the kind of stars our models aim to reproduce, namely luminous mass-losing C-type Miras. Therefore, we overplotted in Fig. 11 the C-rich field Miras of Whitelock et al. (2006) to complete the overall picture. The latter are among the most luminous stars in this diagram. The plot illustrates two points. First, the luminosities L ⋆ of the models (input parameter, cf. Table 1) were chosen close to reality. And second, the models show the same increase in (J -K) compared with the sequence of observed C-type Miras. Since this is determined by increased 9 The old but metal-rich stellar population constituting the Galactic bulge is dominated by stars fainter than the RGB tip, while only a limited number of luminous AGB stars can be found. One would not expect to find carbon stars because of (i) the fact of a small intermediate-age population, in general, and (ii) the relatively high metallicity. A lack of bulge C stars may also be caused by an enhanced oxygen abundance (Feast 2007 ). Nevertheless, there were studies which claimed to have identified C stars in the bulge (e.g. Azzopardi et al. 1991) . Appearing quite faint and relatively blue their existence is still puzzling (Whitelock et al. 1999 , Wahlin et al. 2007 ) and the explanations brought forward range from binary evolution (Whitelock 1999 ) to membership of the Sagittarius dwarf galaxy (Ng 1998 (Ng , 1999 . In any case, this group of supposed bulge C stars is consisting of not more than 34 objects. Fig. 11 . Colour-magnitude diagram containing objects in Baade's window, the bolometric magnitudes were computed from 2MASS photometry by using the BC K given in Montegriffo et al. (1998) . The labels at the top denote effective temperatures and spectral types of late-type giants for a given calibrated colour as listed by Houdashelt et al. (2000, their Table 4) . Overplotted are the corresponding data for the galactic C-type Miras of Whitelock et al. (2006) adopted from their Table 6 , as well as the results for all atmospheric models investigated here. The vertical dashed line at (J -K) = 1.6 marks approximately the border between the hydrostatic and the dynamic regime for C stars (as discussed in the text). circumstellar reddening, this means that the arising mass-loss rates are also in a realistic range.
Frequently the members of a stellar population are divided into M-and C-type objects according to a simple colour criterion. Assuming that all stars redder than a certain NIR colour will likely have carbon-rich atmospheric chemistry (Marigo et al. 2003) , C stars are singled out photometrically (e.g. Hughes & Wood 1990 , Wood 2000 , Cioni & Habing 2003 , Cioni et al. 2006 . A typical value applied in studies of stellar systems is (J -K) = 1.4. However, this has to be regarded as a relatively good indication (e.g. Riebel et al. 2012) rather than a strict division in chemistry. On the one hand (comparatively warm) C-rich objects bluer than this supposed borderline were found by observational studies (e.g. the C stars of Mendoza & Johnson 1965 in Fig. 9 ) as well as in our hydrostatic model grid presented in Paper I (all models there have (J -K) < 1.6 mag ). On the other hand there are evolved O-rich objects known which are redder, such as the dust-enshrouded M-type Mira IRC-20197 (IW Hya), which exhibits according to Le Bertre (1993, see their Fig. 3 ) a (J -K) of 3 mag and more. Other examples can be recognised among the Galactic bulge Miras of Groenewegen & Blommaert (2005) plotted in Fig. B.1 , or in studies of very evolved OH/IR stars (e.g. Marshall et al. 2004) . What can be concluded from our modelling, though, is that (J -K) ≈ 1.6 seems to be the starting point from where the dynamic aspects -pulsation and especially the dust effects -become relevant for C stars (marked with a dashed line in Fig. 11 ). All of the hydrostatic dust-free Table 6 ) shifted to an absolute scale M K according to the distances given by the same authors. Overplotted are the mean colours and magnitudes of the series of dynamical models. Marked are, in addition, the magnitude of the RGB tip estimated by using the empirical relations of Valenti et al. (2004; Eq. (9) ) under the assumption of [Fe/H] ≈ 0 for the Galactic bulge (Zoccali et al. 2003) , as well as the magnitude of the beginning of the TP-AGB for a solar-like star as given by Marigo et al. (2008) . The labels in the upper part mark approximate massloss ratesṀ [M ⊙ yr −1 ] for the C-type Miras of Whitelock et al. (2006) as related to a given (J -K) 0 colour in Fig. 7. COMARCS models of Paper I have bluer colours. One of the brightest and nearest optical carbon stars is the extensively studied TX Psc which only shows small photometric variability and a weak mass loss (e.g. Gautschy-Loidl et al. 2004) . Its 2MASS photometry (Cutri et al. 2003) transformed using the relations of Carpenter (2001) results in (J -K) ≈ 1.77, placing TX Psc only slightly beyond the assumed border. Clearly redder than (J -K) = 1.6 we find in Fig. 11 the Mira variables with pronounced variability and significant stellar winds, both from the observational sample of Whitelock et al. (2006) as well as the corresponding models of our study. Thus, a selection of red stars based on this colour criterion will essentially capture nonhydrostatic, reddened C stars. Figure 12 shows a similar colour-magnitude diagram for our combined galactic population -including the bulge objects in Baade's window and the C-rich field Miras adopted from Whitelock et al. (2006) -with the dynamic model atmospheres overplotted. In contrast to the previous Fig. 11 , where the carbon Miras show luminosities steadily increasing with (J -K) 0 , the same objects show here a characteristic dimming in M K due to the shift of the SED maximum (cf. Sect. 4.1), reflecting the growing importance of circumstellar dust. Similar CMDs were documented by Zijlstra et al. (2006) and Lagadec et al. (2007; their Fig. 2) for the Magellanic Clouds and the C stars observed in these systems with the Spitzer Space Telescope. It can be seen that the models are able to trace the sequence of Carbon Miras from slightly above the RGB tip along the curved branch towards higher (J -K) 0 colours. This sequence is related to increasing mass-loss rates as denoted in the figure. 10 There may be some deviations in the amount of dimming in M K when model C2 is compared to the very reddened observed objects. On the other hand, the observational sequence is also only sparsely populated at (J -K) 0 ≈ 6 mag . Further work concerning these discrepancies is required to investigate reasons and remedies.
(C-O) versus [Fe/H]
For the comparison of our modelling results with observational findings we also adopted empirical relations that were originally derived for C-rich objects in the Large Magellanic Clouds (LMC). The first case can be found in Fig. 7 , where the models were contrasted with the objects of the W06 sample in thė M-(J -K)-plane. Also shown in the figure is the LMC relation derived by Gullieuszik et al. (2012) , which fits both kinds of data quite well. The second case concerns the bolometric corrections compiled in Fig. 9 . It appears that the fit derived recently by Riebel et al. (2012) for candidate C-rich AGB stars in the LMC, which is overplotted in Fig. 9 , provides a relatively good overall representation of the bolometric corrections BC K combined from various data sets (with differences recognisable for the very red objects).
The agreement between, on the one hand, our models with solar-like composition and the corresponding galactic observational data (esp. the field C-type Miras of Whitelock et al. 2006) and, on the other hand, the LMC relations is noteworthy as the metallicities of the Milky Way and the Magellanic Clouds differ (general values of [Fe/H] ≈ -0.5 and lower were estimated for the LMC). This suggests that a difference in metallicity is not the decisive factor for mass loss and, thus, the reddening of the objects. In fact, the amount of excess carbon (C-O) -meaning available C atoms that are not locked in CO molecules -appears to be more relevant to the dust formation, the properties of the developing wind and the resulting circumstellar reddening. This supports the theoretical results of Mattsson et al. (2008) .
Extremely reddened C stars
Frequently, studies dealing with photometric data obtained for the Magellanic Clouds by the Spitzer SAGE survey (e.g. Vijh et al. 2009 , Boyer et al. 2011 ) follow the scheme introduced by Blum et al. (2006) to divide the found AGB objects into three distinct classes tagged "O-rich", "C-rich", and "Extreme". Recently, efforts were made to interpret the SEDs of these objects (defined by photometry compiled from various catalogues; cf. Srinivasan et al. 2009 ) with the help of a model grid , Riebel et al. 2012 ). This SED fitting led to the conclusion (cf. Fig. 1 of Riebel et al. 2012) that the vast majority of the identified "extreme AGB stars" are obscured C-rich objects with high mass-loss rates, while only very few of them might be bright O-rich objects undergoing heavy mass loss (OH/IR stars). In this light, the border between "C-rich" and "extreme" AGB stars (set to (J -K) ≈ 2.1 mag in Blum et al. 2006) appears to be somewhat arbitrary. The lat-10 For orientation purposes, a selection of observed targets is also marked in Fig. 12 , with mass-loss rates as derived by Whitelock et al. (2006) : V Oph (Ṁ ≈ 1.1 × 10 −7 M ⊙ yr −1 ), RU Vir (2 × 10 −6 ), FX Ser (7.6 × 10 −6 ), RW LMi (1.1 × 10 −5 ), and CW Leo (2.2 × 10 −5 ).
ter objects should not be regarded as a distinct class of targets (as suggested by the classification scheme) but rather as C-stars with severe reddening due to circumstellar dust. From the results presented in this work we would assume a natural transition from "C-rich" to "extreme" simply caused by increasing massloss rates. Such IR-C-stars with colours as red as (J -K) ≈ 6 are also known from previous photometric investigations as, for example, the 2MASS survey of the LMC (Nikolaev & Weinberg 2000) or the Galactic bulge (Cole & Weinberg 2002) .
Summary and conclusions
The aim of this work was to reproduce the observable variety of mass-losing galactic Miras of carbon-rich atmospheric chemistry with the help of sophisticated model atmospheres. In particular, we wanted to see if our modelling approach is able to simulate the photometric properties of the comprehensive sample of well-characterised C-type field Miras observed by Whitelock et al. (2006) . These objects form -more or less pronouncedsequences in various kinds of diagrams. Several properties characterising the stars (e.g. luminosities, colours, pulsation periods, photometric amplitudes) show on average an increasing trend along the sequences. This could suggest an evolution of C-Miras along this series of observed targets. However, one should keep in mind that the W06 sample of field Miras might contain a mixture of different masses and ages, making the interpretation as an direct evolutionary sequence arguable. Nevertheless, a general trend from less to more evolved objects is recognisable, with the increasing mass loss being one of the most significant effects causing circumstellar reddening. For our photometric modelling we used time-dependent dynamic model atmospheres that simulate the dynamic photospheres, as well as the pulsation-enhanced dust-driven winds of C-rich LPVs (Höfner et al. 2003 , Mattsson et al. 2010 . It should be noted that this self-consistent approach differs from frequently used dust radiative transfer codes to model dust envelopes of mass-losing AGB stars. One major difference is the fact that the development of a stellar wind is the result of the chosen set of fundamental parameters, i.e., the mass-loss rateṀ is not an input parameter but actually an outcome of the modelling. Another advantage is that we are also able to compute variations in spectroscopic and photometric properties, which is crucial for intrinsically variable objects such as Miras.
A set of five models with quite different parameters was used to represent the diversity of Carbon Miras found in observational studies. Based on the radial atmospheric and wind structures we computed (consistent with the preceding modelling) synthetic spectra and photometry for standard broad-band filters. In a first step we presented low-resolution spectra for different models, illustrating that our modelling method is able to describe a diversity of objects ranging from only moderately pulsating LPVs without any dusty outflow to evolved Miras with pronounced variability and optically thick circumstellar dust envelopes. In this way, our modelling approach bridges the gap between (i) the Australia-Heidelberg-type models for dust-free pulsating atmospheres without wind, and (ii) the Berlin-type models for dustdriven winds of highly dust-enshrouded objects (see Paper II and Sect. 3 of Nowotny et al. 2005a for a more detailed description and references). Our models can reproduce spectra of C-rich AGB stars, for which the respective contributions by the photosphere and the dusty envelope are of varying relevance. This also includes objects with significant mass loss but no optically thick winds.
The applied models compare well to the observational data and can (quantitatively and simultaneously) reproduce the observed values and ranges for absolute magnitudes, colour indices, photometric variations, mass-loss rates, and bolometric corrections. We were able to retrace the sequence of galactic C-type Miras from the "blue end" (stars slightly beyond the tip of the RGB, modest variations, no outflow) to the "red end" (evolved red giants, large photometric amplitudes, pronounced circumstellar reddening due to heavy mass loss) in diverse diagrams: CMDs, two-colour diagrams,Ṁ vs. (J -K), ∆K vs. (J -K), or K-log(P) diagrams. From this we can conclude that (i) the input parameters of the models were chosen realistically (e.g. L ⋆ + ∆u p + f L → ∆K reproduced), and (ii) the stellar winds emerging in the modelling scenario have properties resembling well the corresponding observed objects (e.g.Ṁ + u exp + f c → red (J -K) colours reproduced), suggesting an adequate modelling procedure. The combination of both enables us to reproduce the diversity of observed populations of C-rich Miras. Groenewegen & Blommaert (2005) , and (iii) reddening corrected mean magnitudes and colours of field C-Miras (grey filled circles, blue diamond for the individual RU Vir data) from Whitelock et al. (2006, Table 6 ) shifted to an absolute scale M K according to the distances given by the same authors. Overplotted are the modelling results for model S, i.e. the location of the hydrostatic initial model as well as the average of several phases of the different cycles in Fig. B.2 . The colour-code is the same as in Fig. 16 of Paper II. The box (dotted lines) marks the range covered in Fig. B.2. between the lightcurves obtained in the different filters can lead to a change in the sense of rotation. Interestingly, this behaviour has only scarcely been investigated directly by observational studies. Payne-Gaposchkin & Whitney (1976; their Figs. 5abc ) studied a large sample of LPVs and found them -averaged over certain groups -to vary in CMDs very similarly to our results. Unfortunately, they show only loops for stars of spectral types M and S (clockwise), while the corresponding data for C-rich objects was according to the authors afflicted with large scatter. Eggen (1975; see his Figs. 18, 24, and 30 ) monitored large-amplitude variables (mostly M-type) and plotted their variations in the M bol -(R -I)-plane. Although the sampling of these time series is limited, the stars seem to perform loops with the sense of rotation being mostly counter-clockwise. A slightly different approach was pursued by Wing (1967) , who obtained a spectro-photometric time series over ≈ 2.5 years for about 25 Miras from which he could derive oxide band strengths and temperature estimates. According to Wing (priv. comm.) the objects showed quite a variety of behaviours. The results for only five of these objects were then published in Spinrad & Wing (1969; their Fig. 9) , showing clockwise as well as counter-clockwise variations. Table 2 of Whitelock et al. (2006) and shifted to an absolute scale M K by applying the distance modulus derived by the same authors (cf. their Table 6 ). The dashed line marks the average variation of RU Vir during the light cycle as derived from the Fourier fits in Fig. 8 of Paper II. Overplotted are the corresponding synthetic photometric data of model S. Three different pulsation cycles are plotted with the same symbols, colour-coding, and labels as in Fig. 13 of Paper II. The arrows mark the directions of how the objects pass through the loops during a light cycle, selected phases are labelled (convention for φ bol / φ v as in Paper II). 
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